S
poradic cerebral amyloid angiopathy (CAA) is a highly prevalent disease in elderly adults that is characterized by deposition of amyloid-b peptides in the media and adventitia of small leptomeningeal and cortical vessels, causing hemorrhagic lesions. 1 Although CAA is a major cause of lobar intracerebral hemorrhage, 2, 3 
reliable in vivo diagnosis
of sporadic CAA is difficult, especially in the early stage of the disease. Still, from a therapeutic viewpoint, the earlypresymptomatic-phase of the disease is of particular interest. In contrast with the symptomatic phase of the disease, which is characterized by the occurrence of hemorrhagic lesions, no reliable biomarkers for disease severity or progression have been established for the presymptomatic phase. Because accumulation of amyloid-b in the vessel walls and loss of vascular smooth muscle cells are present before symptoms, it has been suggested that in sporadic CAA, ischemia- [4] [5] [6] [7] or hemorrhage-related [7] [8] [9] alterations in the white matter may already be present in the early, presymptomatic stage of the disease. Diffusion tensor imaging (DTI) is able to detect altered white matter in probable CAA. [10] [11] [12] [13] [14] [15] Hereditary cerebral hemorrhage with amyloidosis-Dutch type (HCHWA-D) is an autosomal-dominant disease and occurs predominantly in the Netherlands. 16 The mutation leads to extensive amyloid-b deposition in the meningocortical arterioles. The underlying pathology of these amyloid deposits is similar to that in sporadic CAA with minimal or no neurofibrillary pathology. [17] [18] [19] Therefore, HCHWA-D may serve as a hereditary CAA model for studying early, presymptomatic, cerebral changes. In the present study we aimed to investigate the potential of diffusion tensor magnetic resonance imaging (MRI) to determine alterations in the white matter of presymptomatic HCHWA-D mutation carriers and symptomatic HCHWA-D patients compared with control participants.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request. To analyze the diffusion MRI (dMRI) data, we applied 4 approaches. First, we explored the differences in the aging effect of DTI parameters between mutation carriers and controls. 20 Second, to get a more fine-grained image of differences between presymptomatic carriers and controls and symptomatic carriers and controls, we investigated voxel-wise DTI measures. Third, to increase power, we clustered the voxel-wise diffusion tensor measures into independent components (ICs). Finally, we investigated the structural connectivity between cortical brain areas using structural connectomics.
Participants
Participants were selected via the HCHWA-D patient association in Katwijk (the Netherlands) and the outpatient clinic of the Department of Neurology of the Leiden University Medical Center based on DNA analysis for confirmation of a point mutation in the APP gene (amyloid precursor protein; p.Glu693Gln mutation). Twenty-six DNA-proven HCHWA-D mutation carriers were included in the present study, of which 15 were symptomatic and 11 were presymptomatic. Participants were considered symptomatic if they had reported symptoms associated with HCHWA-D to a general practitioner. Thirty control participants were recruited from individuals at risk for HCHWA-D, for whom one parent had HCHWA-D, and from participant spouses, family members, or friends. All controls were stroke-free and tested genetically negative for HCHWA-D. Investigators remained completely blinded concerning the genetic status of participants during recruitment, MRI, and neurological and psychological exams. At the time of the study, a third of the potential mutation carriers were not aware of their genetic status. Table shows the demographic overview of the study sample. The ethics committee of our institution approved the study, and written informed consent was obtained from all participants.
MRI Acquisition and Image Processing
Each participant was scanned at the Leiden University Medical Center on a Philips Achieva 3T MRI scanner (Philips Medical Systems) using an 8-channel head coil. Anatomical 3-dimensional T1-weighted images were acquired with repetition time of 9 ms, echo time of 4.6 ms, flip angle of 8°, and field of view of 22491779168 mm 3 The dMRI data were preprocessed using the FMRIB software library (v5.0.8) 21, 22 and MATLAB (R2016b). This consisted of brain extraction, motion correction, and eddy current correction. The FMRIB software library program dtifit was used to calculate individual fractional anisotropy (FA) and mean diffusivity (MD). FA images were subsequently nonlinearly registered to the FMRIB58 FA template for individual registration to Montreal Neurological Institute (MNI) space. Group differences in voxel-wise DTI measures were investigated with tract-based spatial statistics (TBSS) using default settings. 23 This procedure projects the center of each subject's white matter tracts onto a mean white matter tract. This allows for voxel-wise statistical analyses of FA and MD. The global FA or MD was the average FA or MD value of all voxels that were projected onto the TBSS skeleton. As an additional global measure we investigated the peak width of the skeletonized MD (PSMD), 24 which has been specifically validated as a marker for small vessel disease.
Clinical Perspective
What Is New?
• This study is the first to extensively investigate diffusion magnetic resonance imaging in a presymptomatic sample of hereditary cerebral hemorrhage with amyloidosis-Dutch type mutation carriers who will develop symptoms similar to cerebral amyloid angiopathy.
• Diffusion magnetic resonance imaging shows widespread white matter alterations in symptomatic mutation carriers.
• Alterations in diffusion magnetic resonance imaging measurements could not yet be detected in presymptomatic mutation carriers.
What Are the Clinical Implications?
• Diffusion magnetic resonance imaging may be less suitable to detect early changes in cerebral amyloid angiopathy.
To reduce the dimensionality of the data, we clustered the voxel-wise measures with IC analysis. This procedure identifies clusters of voxels that show similar patterns across participants and characterizes each person with a weight for each component. Specifically, we used Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) 25 to decompose each of the skeletonized FA and MD maps into 10 ICs (ie, the IC number). This resulted in 10 spatial IC weight maps and, for each participant, a mixing weight per component. The differences in mixing weights could then be compared across groups. This procedure increases power by reducing the dimensionality from >100 000 voxel values to just 10 mixing weights. The structural connectomics were constructed with probabilistic tractography between Harvard-Oxford cortical and subcortical atlas regions. 26, 27 For this purpose, the 48 cortical regions of the Harvard-Oxford cortical atlas were split into left and right hemisphere regions, resulting in 96 cortical regions. These were combined with 14 of the 15 regions from the Harvard-Oxford subcortical atlas, excluding the brain stem. These 110 probabilistic gray matter (GM) regions were given thresholds of 25% probability and voxel-wise assigned to the region with the highest probability. Probabilistic tractography was conducted using anatomically constrained tractography 28 with spherical-deconvolution informed filtering of tractograms, or SIFT, 29, 30 as implemented in mrtrix (v3.0_RC3-1). 31 For anatomically constrained tractography, the T1-weighted image was aligned to the b=0 image using rigid-body registration. Partial volume estimates of white matter, cerebrospinal fluid (CSF), and cortical GM were calculated using the FMRIB automated segmentation tool (FAST), 32 and subcortical cortical GM estimatesexcluding the brain stem-were calculated with the FMRIB integrated registration and segmentation tool. 33 Fiber orientation distributions were estimated using constrained spherical deconvolution with recursive calibration for fiber response function estimation 34 and maximum spherical harmonic order of 6. The second-order integration over fiber orientation distributions algorithm 35 was used to generate 5 million streamlines (seeding: GM-white matter interface; step size=1.0 mm; maximum curvature=45°per step; length: 2-200 mm; and fiber orientation distribution threshold=0.0625), which were reduced to 50 000 streamlines using SIFT. Structural connectivity graphs were constructed by summing the regional streamlines that were assigned to the closest Harvard-Oxford GM region within a 2-mm radius of each streamline end point. 36 This resulted in a 1109110 matrix of SIFT-filtered streamline counts between the regions. Subsequently, we used the MATLAB implementation of the brain connectivity toolbox (http://www.brain-connectivitytoolbox.net) to calculate the strength, degree, clustering, and betweenness centrality 37 of each node in the connectivity graph, resulting in 1 value per person per region and 110 values in total per person. In addition, we characterized each participant's graph with transitivity and global efficiency, 13 resulting in a single value per participant. To correct the data for CSF partial-volume effects, we calculated the proportion of CSF of the total intracranial volume using the segmentations from FAST.
Statistical Analysis
For demographics, the Mann-Whitney U test was used to assess differences in age between groups; univariate general linear modeling analysis was used to assess differences in blood pressure measurements between groups, adjusted for age and sex; and v 2 tests were used to assess differences in sex and percentage cardiovascular risk factors between groups. To analyze the DTI data, we first explored the effect of gene presence on the decline in global, whole-brain FA, MD, and PSMD over age, namely, the interaction between age and gene presence. In addition, we explored the presence of a quadratic effect of age on the diffusion measures. To do this, we fitted 3 regression models for each of the 3 DTI measures. As covariates, we included sex and proportional CSF. The reduced model included age and gene presence. The linear age9gene interaction model also included age9gene interaction. The quadratic age9gene interaction model also included age 2 and age 2 9gene. We used partial F tests for testing the increase in explained variance of the linear age9gene interaction model compared with the reduced model and for the quadratic age9gene interaction model compared with the linear age9gene interaction model. To determine significance and to correct for multiple comparisons across all 6 tests (3 measures and 2 comparisons), we used permutation testing with 5000 permutations. Second, we used a general linear model with age, proportional CSF, and sex as covariates to test the differences between controls and presymptomatic carriers and between controls and symptomatic patients. For the voxel-wise analyses, threshold free cluster enhancement was performed to use spatial neighborhood information. 38 The same general linear model was used for the IC analysis clustered mixing matrices and for the graph measures.
To correct for multiple comparisons, we used the permutation analysis of linear models tool 39 with 500 permutations and tail approximation for accelerated permutation inference 40 for the voxel-wise TBSS and 5000 permutations without tail approximation for the other approaches. For each of the latter 3 approaches, the reported P values were familywise error corrected across all tests, contrasts, and modalities within each of 3 approaches: (1) voxel-wise TBSS, (2) IC analysis9clustered TBSS measures, and (3) probabilistic tractography-based graph measures.
Results

Global Diffusion Measures Over Age
The age9gene interaction model explained significantly more variance than the reduced model without gene interaction for FA, MD, and PSMD at F(1, 50)=23.51, 14.73, and 9.68, respectively, with corresponding permutation familywise error-corrected P values: P<0.001, P=0.001, P=0.011 (see Figure 1 ). Adding quadratic terms did not improve the models for any of the measures, F(2, 48)=0.13, 0.19, and 0.27, respectively; all familywise error-corrected P values were not significant.
TBSS Analysis
The tract-based spatial statistics results for FA and MD comparing HCHWA-D patients with control participants are shown in Figure 2 . We found lower FA values in symptomatic HCHWA-D patients compared with control participants, especially in the parietal and occipital lobes. In symptomatic HCHWA-D patients, MD was increased in the white matter, especially in the periventricular frontal and occipital regions and in the centrum semiovale. No differences between presymptomatic HCHWA-D mutation carriers and control participants were found.
IC Analysis
Symptomatic carriers and controls differed significantly on 4 IC mixing weights for FA (see Figure 3, Figure 1 . Scatterplot of the relation between age and fractional anisotropy (left), mean diffusivity (middle), and peak width of skeletonized mean diffusivity (right) for presymptomatic mutation carriers, symptomatic patients, and control participants. The measures are adjusted for sex and proportional cerebrospinal fluid. The blue line indicates the trend for mutation carriers (symptomatic and presymptomatic combined), and the red line indicates the trend for controls.
represent the average mixing weight of each component for each individual group, corrected for age, sex, and proportional CSF. This analysis shows that, for both FA values, the components that differed significantly had high component importance mainly in the occipital and parietal lobes. For MD, 3 ICs were identified that differed significantly between symptomatic carriers and controls (Figure 3, right) . Overall, high component importance was located mainly in periventricular frontal and occipital regions and the occipital lobe. No significant differences between presymptomatic mutation carriers and control participants were found. Figure 4 shows the results of the structural connectomics analyses between brain areas. This analysis reveals structural connectivity of cortical GM structures rather than intrinsic white matter tract information. Our analyses showed that the degree of structural connectivity is lower in 7 cortical regions for symptomatic carriers compared with controls (see Figure 4 , left). In addition, in 1 of these regions, the left cuneal cortex, the clustering was higher for symptomatic carriers compared with controls (see Figure 4 , middle). Furthermore, the betweenness centrality was higher for symptomatic carriers compared with controls in 2 regions (see Figure 4 , right). We found no differences in strength, transitivity, or global efficiency. None of the measures showed significant differences between presymptomatic carriers and controls.
Structural Connectomics Analyses
Discussion
Our data show that differences in DTI and DTI-related connectivity parameters between HCHWA-D patients and control participants are mainly located in the periventricular frontal and occipital regions and in the occipital lobe. We found no significant differences in any of these parameters between presymptomatic HCHWA-D mutation carriers and control participants.
In our first analysis, we found a greater decrease in global FA and a greater increase in global MD and PSMD over age for mutation carriers than for controls. White matter integrity appears largely unaffected in the presymptomatic phase and then deteriorates in a later stage, when mutation carriers become symptomatic. PSMD has been validated as a marker for small vessel disease, 24 but it was remarkably similar to global MD in our findings. All our dMRI analyses were sensitive to differences between controls and symptomatic carriers, whereas no significant differences were found between presymptomatic mutation carriers and control participants. The symptomatic carriers had reduced FA and increased MD in widespread areas of the brain, covering almost the entire white matter skeleton. Reduced FA and increased MD is associated with altered white matter. The effects were most pronounced in the periventricular frontal and occipital regions and in the occipital lobe of the brain. The same trend arose from IC analysis-clustered diffusion tensor measures. ICs that contributed strongly toward the posterior regions of white matter showed a significant difference between symptomatic carriers and controls. This finding is also indicative of altered white matter, specifically in the posterior regions of the brain. The finding that the occipital region is most severely affected is in line with previous findings that the occipital lobe is a predilection site of CAA. 41, 42 Structural connectomics revealed a lower connection degree for symptomatic carriers compared with controls in several cortical, mainly posterior, regions, indicating fewer connections between these regions and the rest of the brain. Furthermore, clustering was higher in one of these regions. This finding is to be expected because this region has fewer neighbors, so it is more likely that these neighbors would be connected to each other. Furthermore, a decrease in degree and an increase in clustering is typical for a hierarchical network, and the structural connectivity graph has been found to show these characteristics. 43 Furthermore, betweenness centrality was higher in 2 regions for symptomatic carriers compared with controls. It is likely that because of the decrease in connections in the symptomatic patients, many of the shortest paths between nodes must pass through relatively unaffected regions, resulting in higher betweenness centrality in these regions. These findings are in line with previous research that found that structural networks are altered in patients with CAA. 44 Importantly, these changes in DTI measures were not yet visible in the presymptomatic phase of the diseases. Interestingly, a previous study has shown that in presymptomatic mutation carriers, the volume of white matter hyperintensities on fluid-attenuated inversion recovery imaging is slightly higher than in control participants. 45 This discrepancy likely is not caused by lower sensitivity of dMRI compared with white matter hyperintensity volume but rather by differences in approach. Because we used multiple approaches to analyzing the dMRI data, the statistical power was reduced by multiple comparison corrections. Still, the absence of significant differences between controls and presymptomatic carriers may be explained by the finding that white matter is still largely unaffected until a later stage of the disease. In patients with CAA, brain network connectivity in patients worsened measurably over 1.3-year follow-up. 13 This result is in line with our finding that the decline in global diffusion measures manifests mostly at a later age. This may suggest that the high sensitivity of dMRI in symptomatic carriers may not extrapolate to earlier, presymptomatic carriers or early cases of CAA. An important limitation of the present study is sample size. It is possible that the small sample size did not provide enough power to detect significant differences between presymptomatic carriers and controls. The rareness of the point mutation in the APP gene causing HCHWA-D makes it challenging to collect larger samples. Still, follow-up studies in a larger cohort of presymptomatic mutation carriers are needed to confirm that differences in dMRI-related connectivity are late markers for CAA. Another limitation is the limited number of diffusion directions and the relatively low b-value of 1000 s/mm 2 in the DWI protocol. A higher number of diffusion directions and a b-value of 3000 s/mm 2 would result in more accurate estimation of the fiber orientation distribution and more accurate construction of the structural connectomics, which may provide more power to detect group differences.
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